The Hermansky Pudlak syndromes (HPS) constitute a family of disorders characterized by oculocutaneous albinism and bleeding diathesis, often associated with lethal lung fibrosis. HPS results from mutations in genes of membrane trafficking complexes that facilitate delivery of cargo to lysosome-related organelles. Among the affected lysosome-related organelles are lamellar bodies (LB) within alveolar type 2 cells (AT2) in which surfactant components are assembled, modified, and stored. AT2 from HPS patients and mouse models of HPS exhibit enlarged LB with increased phospholipid content, but the mechanism underlying these defects is unknown. We now show that AT2 in the pearl mouse model of HPS type 2 lacking the adaptor protein 3 complex (AP-3) fails to accumulate the soluble enzyme peroxiredoxin 6 (PRDX6) in LB. This defect reflects impaired AP-3-dependent trafficking of PRDX6 to LB, because pearl
Lamellar bodies are lysosome-related organelles of alveolar type 2 (AT2) cells within which pulmonary surfactant is synthesized, assembled, and stored and from which surfactant is secreted. Roughly 80% of surfactant by weight consists of phospholipids, most notably disaturated phosphatidylcholine (DSPC), 3 that act in concert with surfactant-specific proteins (surfactant proteins A, B, and C) to lower surface tension at the air-liquid interface in the alveoli and thus stabilize alveolar inflation (1) . There is a growing appreciation for an expanding repertoire of proteins that support the function of lamellar bodies, best illustrated by the published rat lamellar body proteome in which a variety of transmembrane, membrane-associated, and luminal proteins were identified to reside within lamellar bodies (2) . However, little is known about the pathways that promote preferential targeting of cargo to lamellar bodies rather than other endosomal-lysosomal compartments.
The Hermansky Pudlak syndromes (HPS) constitute a family of genetic diseases with a common phenotype consisting of oculocutaneous albinism and bleeding diathesis; the most prevalent forms of HPS are also associated with a progressive lung fibrosis that is usually lethal within the 5th decade of life (3) . The genes that are defective in HPS encode subunits of several multisubunit complexes, adaptor protein 3 (AP-3) and biogenesis of lysosome-related organelles complexes (BLOC)-1, -2, and -3, that contribute to membrane and protein trafficking to lysosome-related organelles. Although ubiquitously expressed, AP-3 and BLOC1, -2, and -3 play an important but incom-pletely understood role in regulating the trafficking of cell-specific cargoes to lysosome-related organelles, including melanosomes in pigment cells and likely dense granules in platelets (4 -7) . It has been unclear whether these complexes also participate in membrane trafficking to lamellar bodies and if so which components of the lamellar body proteome utilize them.
Peroxiredoxin 6 (PRDX6) is a well described luminal constituent of the lamellar body (2, 8) . This bifunctional enzyme is best known for its antioxidant lipid peroxidase activity in the cytosol, but it also exhibits phospholipase A 2 (PLA 2 ) activity at a pH profile that matches the acidic environment of the lamellar body and plays a key role in lamellar body phospholipid homeostasis (9) . PRDX6 facilitates the remodeling of unsaturated phosphatidylcholine (PC) in the lamellar body lumen by catalyzing deacylation of luminal PC, and it is thus thought to play a role in preferentially enriching DSPC in pulmonary surfactant (10) . However, recent studies indicate that PRDX6 also plays a role in intraluminal degradation of lamellar body phospholipids, with Prdx6 Ϫ/Ϫ mice exhibiting increased lamellar body phospholipid content and mice that overexpress PRDX6 exhibiting reduced lamellar body phospholipid content (11, 12) . Although PRDX6 is primarily expressed in the cytosol, growing evidence indicates that a select fraction of PRDX6 enters the secretory pathway of AT2 cells where it is preferentially targeted to lamellar bodies (13, 14) . PRDX6 does not share a long N-terminal hydrophobic domain used by peroxiredoxin-4 for entry into the secretory pathway (15) , nor does PRDX6 share C-terminal domain homology that fosters endoplasmic reticulum localization of peroxiredoxin-4 (16) . PRDX6 associates with 14-3-3⑀ in a MAPK-dependent fashion that is necessary for lysosomal targeting in cell lines (14) , but the mechanism by which PRDX6 is targeted to lamellar bodies remains unclear.
Lamellar body enlargement with increased lamellar body surfactant phospholipid content is a common feature of HPS patients (17) (18) (19) (20) and its mouse models (21) (22) (23) (24) (25) . It is especially apparent in human HPS2 and the pearl mouse model in which AP-3 is essentially absent from AT2 cells (25) due to an inactivating mutation in the gene encoding the ␤3A subunit (26) . The striking parallels in the increased phospholipid content observed in both the pearl and Prdx6 Ϫ/Ϫ mouse models led us to investigate whether they might be linked. Our data demonstrate that PRDX6 trafficking to lamellar bodies requires AP-3 and that AP-3 is linked to PRDX6 via the transmembrane protein LIMP-2/SCARB2. Moreover, we show that loss of PRDX6 PLA 2 activity contributes to surfactant phospholipid accumulation in AP-3-deficient pearl mice.
Experimental Procedures

Animals
Wild type (WT) C57BL/6J, mutant Ap3b1 pe /Ap3b1 pe (pearl), and transgenic pearl mice in which the Ap3b1 gene product was expressed in alveolar epithelial cells under the direction of the human SP-C promoter (3.7 kb; line HPS2mt Tg A) (25) were bred and maintained at the Laboratory Animal Facility at the Children's Hospital of Philadelphia or at Vanderbilt University as described previously (24) . The pearl mouse expresses no detectable AP-3 in AT2 cells as indicated by expression of the subunit, whereas HPS2mt Tg A or Tg B expressed near normal levels of subunit as a marker of AP-3 complexes in AT2 cells (25) . Drs. Michael Schwake and Paul Saftig supplied Limp-2 Ϫ/Ϫ breeding pairs. All animal protocols were reviewed and approved by the Institutional Animal Care and Use Committees of The Children's Hospital Research Institute, the University of Pennsylvania School of Medicine, and the Vanderbilt University School of Medicine, and adhered to the principles of the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Unless specified, both male and female mice were used between 8 and 10 weeks of age.
Isolation of Lung Fractions
Bronchoalveolar lavage was performed as described previously (24) . Mouse lungs were lavaged with 1-ml aliquots of sterile Ca 2ϩ -and Mg 2ϩ -free 0.9% saline to a total of 5 ml instilled. Samples were centrifuged at 400 ϫ g for 10 min at 4°C, and cell-free supernatant was used for subsequent analysis. Enriched lamellar body fractions were obtained from post-lavage, freshly prepared lung homogenates via upward flotation through a sucrose step-gradient as described previously (27) . Additional lung homogenates used for biochemical analyses were generated from flash-frozen lung tissue after lavage as described previously (24) . Protein content of fractions was measured using the Coomassie Blue binding assay (Bio-Rad) with bovine IgG as the standard.
Alveolar Type 2 Cell Isolation
Alveolar type 2 cells were isolated from mouse lungs after bronchoalveolar lavage as described previously (24) .
Immunofluorescence Microscopy
Primary cultured AT2 cells cultured on glass coverslips were rinsed with ice-cold PBS that was subsequently thoroughly removed. Digitonin solution (1 ml; 50 g/ml digitonin in PBS with 100 mM KCl) was added and incubated for 10 min on ice with gentle shaking (at 100 rpm) on an orbital shaker. The cells were then washed twice with 2 ml of cold PBS to remove the remaining cellular material and were then fixed in paraformaldehyde (4% in PBS) for 10 min at room temperature. Following fixation, cells on coverslips were washed twice with PBS, and then blocked (1% BSA, 50 g/ml digitonin in PBS) for 1 h at room temperature. Cells were immunolabeled with primary antibodies diluted in blocking solution for 1 h at room temperature. Primary antibodies included the following: monoclonal (mouse) antibody to PRDX6 (4A3, Abcam, Cambridge, MA; 1:100) and polyclonal (rabbit) antibody to LIMP2 (LS-B305, LifeSpan BioSciences, Inc. Seattle, WA; 1:250). Rat monoclonal antibody to Lamp1 (1D4B, DSHB, Iowa city, IA; 1:100) was used as a marker of lamellar bodies. The Lamp1 monoclonal antibody (1D4B), developed by J. T. August, was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD, National Institutes of Health, and maintained by the Department of Biology, University of Iowa (Iowa City, IA). After washing with PBS, secondary IgG antibodies were applied at 1:200 dilution in blocking solution for 1 h at room temperature: Alexa Fluor-488-conjugated goat anti-rat (green); Alexa Fluor-594-conjugated goat anti-mouse (red);
and Alexa Fluor-674-conjuaged goat anti-rabbit (far red) (Molecular Probes, Eugene, OR). After a final washing (three times for 5 min each with PBS), the cells were mounted with ProLong Gold antifade reagent (Molecular probes, Eugene, OR). Immunofluorescence was imaged with an Olympus IX81 inverted microscope equipped with a ϫ60 lens and Slidebook software.
Phospholipid Analysis
Total phospholipid was determined from total phosphorus using the method of Marinetti (28) . Total phosphatidylcholine was determined by application of sample to thin layer chromatography (27, 29) . Spots were visualized with I 2 vapor, and phosphatidylcholine was eluted with chloroform/methanol/ H 2 O/acetic acid (60:35:4.5:0.5, v/v). The percent DSPC was determined using a neutral alumina column after treatment of lipids with OsO 4 (27) .
Immunoblotting
Western immunoblotting was performed as described previously (24) . Primary antisera used included the following : Prdx6 (30, 31) ; surfactant protein B (SP-B; Abcam, catalog no. 40876); GAPDH (MAB374, Chemicon/Millipore); LAMP1 (1D4B, DSHB); Limp2 (L2T2, from Dr. Paul Saftig); and surfactant protein A (SP-A; Abcam, ab180865). Species-specific secondary antisera were all conjugated to IR dyes of either 680 or 800 nm wavelengths (Rockland). Visualization and densitometry of positive immunoblotting, where indicated, was accomplished using the Odyssey Imaging System (LiCOR Biosciences, Lincoln, NB), and band densities were quantified in the linear dynamic range. Densitometry of immunoblots was normalized to GAPDH for lung tissue and cell lysates and to SP-B or SP-A for lamellar body samples as neither of these surfactant proteins has demonstrated significant variation in these mouse models when equal LB total protein was loaded (24, 33) .
Phospholipase A 2 Activity Assay
Acidic PLA 2 activity was measured as described previously (11, 32) . PLA 2 activity was measured at pH 4.0 in 40 mM sodium acetate and 5 mM EDTA buffer in lung homogenates and lamellar body fractions using 1-palmitoyl,2-[9, 10- 3 H]palmitoyl-sn-3-glycoso-phosphorylcholine ([ 3 H]DPPC) (11, 32) .
Uptake and Degradation of DPPC
Uptake of [ 3 H]choline-labeled DPPC in liposomes by the isolated lung was studied using a well established protocol (27) . Briefly, unilamellar liposomes containing [ 3 H]choline-labeled DPPC were instilled intratracheally into mice, and the lungs were then removed and either immediately homogenized or perfused for 2 h before homogenization. The specific activity of alveolar DPPC was calculated from the injected dose and the measured alveolar DPPC pool size. Uptake of DPPC was calculated from total lung (plus perfusate) disintegrations/min and the alveolar DPPC-specific activity. Samples of lung homogenate were analyzed for disintegrations/min in aqueous and lipid fractions (DPPC, lysophosphatidylcholine, and unsaturated phosphatidylcholine). The radiolabel in the aqueous fraction consists of choline, choline phosphate, CDP-choline, and possibly other metabolites (29) . Total disintegrations/min were calculated from disintegrations/min recovered from the sum of aqueous, lysophosphatidylcholine, and unsaturated phosphatidylcholine fractions but cannot account for any DPPC that might have been resynthesized from [ 3 H]lysophosphatidylcholine.
DSPC Synthesis
Synthesis of DSPC was measured as described previously (27) . Mice were injected with a mixture of 10 Ci of [ 3 H]methyl choline and 10 Ci of [1- 14 C]palmitate via tail vein followed by recovery of DSPC from total lung tissue homogenate and from an enriched lamellar body fraction as described above. Incorporation of each label was expressed as disintegrations/min of 14 C or 3 H per nmol of DSPC.
Surfactant Secretion
Secretion of radiolabeled surfactant from isolated AT2 cells was assessed as described previously (33) . In brief, isolated AT2 cells were cultured in media supplemented with 0.5 Ci/dish of (methyl-3 H)-choline (Amersham Biosciences) for 24 h. The medium was changed to Eagle's medium, and after 30 min a set of cells and media were harvested. The remaining cells were incubated with or without 1 mM ATP (Sigma) for 2 h, after which media and cells were harvested. Media samples were centrifuged to remove detached cells and debris, and cells were scraped from the dish into methanol. Phosphatidylcholine was extracted from all samples, and phospholipid secretion was calculated as disintegrations/min in phosphatidylcholine fractions from media divided by total disintegrations/min in phosphatidylcholine (cells and media combined).
Co-immunoprecipitation of Recombinant LIMP2 and PRDX6 Proteins
Cloning-The N-terminal His 6 -tagged luminal domain of hLIMP-2 (amino acids ) and the full-length hPRDX6 were cloned from cDNA templates (ViGene, catalog no. CH840240) into PB-T-PAF, after the protein A tag (protein A-His 6 -hLIMP-2) and pet28MHL (GenBank TM accession number EF456735), respectively, using the In-Fusion CF DryDown PCR cloning kit (Clontech catalog no. 639605).
Cell Culture-293T cells were grown in DMEM (Basal Media, L110), supplemented with 10% FBS (Gemini, 900 -108) at 37°C in a 5% CO 2 incubator. The protein A-His 6 -hLIMP-2 plasmid was transfected using ExFect transfection reagent (Vazyme, catalog no. 913051) using the manufacturer's protocols. A doxycycline-inducible stably transfected 293T cell line was selected according to the method described by Li et al. (34) , using 10 g/ml puromycin and 5 g/ml blasticidin S.
His 6 .hPRDX6 Purification-Bacterial pellets were obtained from 1 liter of LB media initially cultured at 37°C to an A 600 ϭ 1.0, after which cells were induced with 1 mM isopropyl 1-thio-␤-D-galactopyranoside for 16 h at 15°C. Then the bacterial pellets were sonicated, and the cleared cell lysate in Lysis Buffer (50 mM Hepes, pH 7.5, 500 mM NaCl, 2.5 mM imidazole) was loaded onto a 1-ml Ni 2ϩ -nitrilotriacetic acid metal-affinity resin column equilibrated in Wash Buffer (50 mM Hepes, pH 7.5, 500 mM NaCl, 15 mM imidazole) at 4°C temperature. The column
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was washed with 50 ml of Wash Buffer, and the protein was eluted with 10 ml of Elution Buffer (50 mM Hepes, pH 7.5, 500 mM NaCl, 250 mM imidazole). The protein was further purified by gel filtration on a HighLoad Superdex200 column equilibrated with Gel Filtration Buffer (25 mM Hepes, pH 7, and 150 mM NaCl). Fractions containing protein were pooled and concentrated using Amicon ultracentrifugal filter with a 3-kDa cutoff membrane to a final concentration of 15 mg/ml. Protein yield was 30 mg/liter of bacterial culture.
Co-immunoprecipitation and Western Blot Analysis-After 48 h of induction with 1 g/ml doxycycline, the culture medium (20 ml) of the 293T stable cell line expressing protein A-His 6 -hLIMP-2 fusion protein was harvested from two confluent 10-cm 2 tissue culture dishes, centrifuged at 4000 rpm for 60 min, and the supernatant transferred into a 15-ml tube. A volume of 0.25 ml of 50% IgG beads 6FF (Solarbio, catalog no. 18600), pre-equilibrated in PBS buffer, was added, and batch binding was done for 120 min at 50 rpm and 4°C in a shaker. The beads were separated in one open column and washed with 5 ml of PBS. Afterward, beads were incubated with purified His 6 -hPRDX6 (180 g) in 0.1 ml of buffer at pH 7 (PBS) or at pH 5 (25 mM NaCH 3 COO, 300 mM NaCl). Subsequently, input controls and immunoprecipitate samples were analyzed by Western blot using anti-His 6 peroxidase (Proteintech, 66005-1-lg) antibody.
Proximity Ligation Assay
Molecular interaction in vivo between Prdx6 and Limp2 was evaluated using the Duolink in situ proximity ligation assay (PLA) according to the manufacturer's instructions (Olink Bioscience; Sigma). Briefly, primary AT2 cells from WT, pearl, or Limp-2 Ϫ/Ϫ mice were cultured on glass coverslips and fixed with cold ethanol/acetone mixture (1:1 in volume) for 5 min on ice. After fixation, cells were washed twice with cold PBS, followed by a 10-min incubation with 1% Triton X-100 solution in PBS and 40 min blocking in a 3% solution of bovine serum albumin in PBS containing 0.2% Triton X-100. Samples were incubated with primary antibodies against PRDX6 and LIMP2 (1:100 dilution in 0.2% Triton X-100 solution in PBS; PRDX6 MAB3478 mouse monoclonal antibody, Millipore; LIMP2 LS-B3225 rabbit polyclonal antibody, LifeSpan BioScience) for 1 h at room temperature. After three washes with PBS containing 0.2% Triton X-100, Duolink PLA probes were applied and incubated for 1 h in a humidity chamber at 37°C. Unbound Duolink PLA probes were removed with wash buffer, and the samples were incubated in the ligation solution for 1 h. Amplification was accomplished by applying diluted polymerase to the sample for 100 min, and detection of the amplified probe was accomplished by adding diluted Duolink detection stock. Coverslips were then washed and mounted with Duolink mounting medium. Images were taken by a Zeiss LSM 710 META inverted confocal microscopy equipped with a ϫ63 lens (Vanderbilt University Medical Center Cell Imaging Shared Resource). Each puncta was considered a positive protein/protein interaction. AT2 cells were detected by their large vacuolar appearance clustered around cell nuclei in phase contrast images. The number of fluorescent puncta per AT2 cell was determined using ZEN imaging software (Zeiss).
Statistics
Student's t tests were performed with Prism 5.0 software for the Macintosh (GraphPad Software, San Diego). Results are expressed as means Ϯ S.E. unless otherwise noted, and a p value of Ͻ0.05 was considered significant.
Results
Peroxiredoxin 6 Is Significantly Reduced in the Lamellar
Bodies of pearl Mice-The pearl mouse lacks expression of AP-3 in most cell types due to inactivation of the Ap3b1 gene encoding the ubiquitously expressed ␤3A subunit (35) . pearl mice display a pulmonary phenotype in which total phospholipid content in lung tissue is increased and lamellar bodies in AT2 cells are enlarged, suggestive of intracellular pulmonary surfactant retention (22) (23) (24) . We performed a detailed analysis of surfactant pools in lung tissue, bronchoalveolar lavage, and a subcellular fraction enriched in lamellar bodies from pearl mice compared with C57BL6 (WT) mice (Fig. 1) . Consistent with our previous report on compound homozygous HPS mice carrying the pearl and pale ear mutations (24) , total lung tissue phospholipid was increased in pearl mice (1.9-fold over WT; Fig.  1A ). The increase in total lung phospholipid of pearl mice was paralleled by specific increases in total PC (1.6-fold over WT) and DSPC (2.2-fold over WT). Similarly, the total phospholipid, PC, and DSPC content of cell-free bronchoalveolar lavage fluid containing secreted surfactant from pearl mice was increased compared with WT (Fig. 1B) , suggesting that the enhanced tissue phospholipid was due to increased lamellar body stores that were subsequently secreted into the alveolar space. Examination of subcellular fractions of lung tissue enriched for lamellar bodies demonstrated a 1.6-fold increase in total phospholipid in lamellar body fractions from pearl mice compared with WT mice (Fig. 1C) . The increased phospholipid content in both the cellular and cell-free compartments suggests that phospholipid metabolism within lamellar bodies might be compromised in AP-3-deficient pearl mice.
Because the increase in total phospholipid pools in pearl mice was reminiscent of that of Prdx6 Ϫ/Ϫ mice (11), we next examined acidic PLA 2 activity and PRDX6 content in the lamellar body-enriched subcellular fraction from pearl and WT mice. The striking reduction of PLA 2 activity in lamellar body fractions from pearl mice (Fig. 1D ) was accompanied by significant reduction of PRDX6 protein content compared with WT lamellar body fractions (Fig. 1E) . Consistent with prior observations that the majority of total cellular PRDX6 in AT2 cells is cytosolic, we confirmed that the bulk of total cellular PRDX6 content in isolated AT2 cells from both WT and pearl mice resided in a non-lamellar body cytosolic pool (Fig. 1E ) suggesting a loss of selective trafficking of PRDX6 to lamellar bodies in these mice (13) . By comparison, the content of another lamellar body cargo, surfactant protein B (SP-B), was similar in both WT and pearl lamellar body fractions and isolated AT2 cells indicating that SP-B does not require AP-3 for trafficking to lamellar bodies. Furthermore, immunofluorescence microscopy analysis of isolated AT2 cells after permeabilization to deplete cytosolic PRDX6 demonstrated that luminal PRDX6 could be detected in a fraction of LAMP1-positive lamellar bodies in WT AT2 but not in pearl AT2 (Fig. 1F) . The variability of PRDX content between LAMP1-positive lamellar bodies may reflect the need for a permeabilization and cytosol depletion step prior to immunostaining due to the large amount of cytosolic PRDX6 in AT2 cells. Although this could result in permeabilization of some lamellar bodies as well, we expect that the effect would be similar for WT and pearl LB and AT2 cells. In addition, LAMP1 labels other lysosomal structures like lysosomes that may not contain PRDX6 normally; again this would be expected to be similar between WT and pearl LB. Finally, the process of lamellar body maturation is poorly understood, and variability in PRDX6 in LAMP1-positive lamellar bodies in WT cells may simply reflect lamellar body maturation and targeting of PRDX6 to more mature lamellar bodies. Regardless, there is a clear and consistent difference showing a striking depletion of PRDX6 from LAMP1-positive organelles in pearl AT2. Together, these data indicate that disruption of AP-3 trafficking in pearl AT2 cells results in loss of PRDX6 from lamellar bodies without altering total PRDX6 content in AT2 cells.
Depletion of PRDX6 Is Associated with Altered Intraluminal DPPC Metabolism in Lamellar Bodies of Pearl Mice-
The lamellar body is a dynamic storage organelle in AT2 cells, receiving surfactant constituents from the secretory pathway in AT2 cells, modifying phospholipids to enrich DPPC content, secreting surfactant into the alveolar space, and accepting recycled alveolar surfactant via the endocytic pathway (36) . The most significant biochemical alteration in the life cycle of surfactant phospholipids identified in the Prdx6
Ϫ/Ϫ mouse model relative to WT littermates was reduced intraluminal degradation of DPPC (11) . Within the acidic luminal environment of the lamellar body, the PLA 2 activity of PRDX6 catalyzes the deacylation of PC in the sn-2 position to produce lysophosphatidylcholine (lyso-PC), a toxic metabolite that is rapidly reacylated or degraded (37 (29) . Compared with WT lungs, the metabolism of endocytosed DPPC was impaired in pearl lungs, with only 14% of starting label traceable in aggregate into lyso-PC, unsaturated PC, and the aqueous compartment, compared with ϳ33% in WT lungs (Fig.  2A) . The recovery of label in each individual compartment was also reduced, suggesting a proximal block in pearl mice at the deacylation step of the remodeling pathway. This block is consistent with the absence of PRDX6. These data demonstrate that the defect in DPPC metabolism in pearl mice phenocopies the primary biochemical finding of the Prdx6 Ϫ/Ϫ mouse model (11). A, total phospholipid, total PC, and total DSPC measured in lung tissue homogenate (n ϭ 6 mice per genotype, mean Ϯ S.E.). B, total phospholipid, total PC, and total DSPC measured in bronchoalveolar lavage fluid from wild type (WT) and pearl mice (n ϭ 4 mice per genotype, mean Ϯ S.E.). C, total phospholipid content measured in lamellar body fractions from WT and pearl mice (n ϭ 3 samples per genotype, each prepared from three mice, mean Ϯ S.E.). D, phospholipase A 2 activity measured in lamellar body fractions isolated from WT and pearl mice (n ϭ 4 samples from 2 to 3 mice of each strain, mean Ϯ S.E.). E, representative immunoblots of PRDX6, SP-B, and GAPDH using lamellar body fractions (LB; 10 g of protein) and alveolar type 2 cell lysate (AT2; 30 g of protein) from wild type (WT) and pearl (pe) mice. F, immunolocalization of PRDX6 in WT and pearl isolated alveolar type 2 cells (mAT2) after depletion of cytosolic constituents, using LAMP1 immunostaining to identify lamellar bodies (representative of two experiments; bars, 5 m).
Loss of lamellar body PRDX6 should also result in reduced synthesis of DPPC from palmitate via the remodeling pathway (Lands' cycle, or the deacylation-reacylation pathway). Although the remodeling pathway contributes less to AT2 cell lipogenesis than de novo lipogenesis from choline (via the Kennedy pathway, which is not catalyzed by PRDX6), it is believed to be important for the enrichment of surfactant DSPC by enabling the reacylation of unsaturated PC with palmitate incorporation at the sn-2 position (8). To test whether the remodeling pathway is affected in the pearl mouse, we injected 14 C-labeled palmitate or [
3 H]choline intravenously and measured incorporation into DSPC by organic extraction and thin layer chromatography of surfactant isolated from LB preparations or of total lung homogenates. Incorporation of 14 C-labeled palmitate was dramatically impaired in the pearl mouse model relative to WT mice whether we measured the incorporation of label into surfactant from lamellar body fractions (by 78%; p ϭ 0.0021; Fig. 2B ) or total lung homogenates (by 70%; p ϭ 0.0012; Fig. 2C ). By comparison, incorporation of [ 3 H]choline into DSPC was not significantly reduced in lamellar bodies (by 7%; p ϭ 0.1329; Fig. 2B ) from pearl mice compared with WT littermates despite a small but significant reduction in total lung surfactant (by 14%; p ϭ 0.014; Fig. 2C ), indicating that de novo lipogenesis was only very modestly affected by the loss of AP-3 compared with the remodeling pathway. These data support a functional loss of lamellar body PRDX6 activity in pearl lungs.
To complete the characterization of the surfactant life cycle in pearl mice, we assessed basal and ATP-stimulated secretion of surfactant from isolated AT2 cells from WT and pearl mice. Surfactant was labeled overnight with [ 3 H]choline added to the culture media, and recovery of [ 3 H]PC from the medium before and after a 2-h exposure to ATP was measured as a percentage of total PC (total cell PC ϩ total media PC). By this measure, the degree of both basal and ATP-stimulated secretion of PC was similar from pearl and WT AT2 cells (Fig. 2D) . We also tested whether the defect in AP-3 in pearl mice affected surfactant endocytosis by measuring the incorporation of [ 3 H]DPPC into lung tissue following intratracheal instillation into the lungs of WT and pearl mice for 2 h. Using this method, the rate of endocytosis of DPPC is typically ϳ4 nmol/h in WT mice (11) . After accounting for the increased endogenous bronchoalveolar phospholipid pool size of the pearl mice that would dilute the instilled [ 3 H]DPPC, there was no significant difference in the rate of endocytosis of [ 3 H]DPPC in pearl mice compared with WT mice (Fig. 2E) . The lack of effect of the loss of AP-3 expression in pearl mice on surfactant secretion or DPPC endocytosis is consistent with the lack of a requirement for PRDX6 in these processes.
Together, our data demonstrate that the impairment of intraluminal DSPC metabolism within lamellar bodies of pearl AT2 cells contributes to the accumulation of DSPC and is consistent with prior observations in the Prdx6 Ϫ/Ϫ mouse model. These data suggest that the surfactant defects in AP-3-deficient mice are at least partially due to defects in PRDX6 accumulation in lamellar bodies.
Reconstitution of the AP-3 Complex in Alveolar Type 2 Cells of Pearl Mice Corrects PRDX6 Trafficking and Restores Phospholipid Pool
Sizes-To ensure that the loss of lamellar body PRDX6 and the surfactant lipid defects observed in pearl mice indeed reflected the loss of AP-3 expression in AT2 cells, we assessed whether the re-expression of the missing Ap3b1 gene would reverse the phenotypes. Transgenic expression of wild type Ap3b1 in alveolar epithelial cells in pearl mice, using the epithelial cell-specific mouse SP-C promoter to drive transgene expression, demonstrated a reduction in lamellar body size in transgene-positive (TGϩ) mice compared with transgene-negative littermates (TGϪ) and to parental pearl mice (25) . Immunoblotting of isolated AT2 cells and enriched lamellar body 3 H]DPPC and recovery of metabolites at 2 h by isolated perfused lungs of WT and pearl mice. The result for each fraction (lyso-PC, unsaturated phosphatidylcholine, aqueous) is expressed as a percentage of total recovered radioactivity, which is the sum of the recoveries for these three fractions (n ϭ 6 WT and 3 pearl mice; mean Ϯ S.E.). B and C, incorporation of radiolabeled [ 3 H]choline and [ 14 C]palmitate into DSPC of lamellar bodies (B) and total lung surfactant (C) isolated from WT and pearl mouse lungs. Substrates were administered via tail vein injection 24 h prior to isolation of DSPC from lamellar body fractions and total lung homogenate. DSPC isolated from these samples was analyzed for radioactivity and total phosphorus. Synthesis was expressed as disintegrations/min per nmol of DSPC (n ϭ 3; mean Ϯ S.E.). D, secretion of (methyl-3 H)-choline-labeled phospholipid from AT2 cells isolated from WT and pearl mice, calculated as a percentage of recovered disintegrations/min associated with phospholipid in the culture medium after 2 h of secretagogues divided by total disintegrations/min in the cells plus culture medium (n ϭ 4 experiments, mean Ϯ S.E.). E, uptake of intratracheally instilled [ 3 H]DPPC by isolated perfused lungs of WT and pearl mice between 5 and 120 min of lung perfusion (n ϭ 3; mean Ϯ S.E.). APRIL 15, 2016 • VOLUME 291 • NUMBER 16 fractions from lung tissue of TGϩ and TGϪ mice revealed that lamellar body PRDX6 content of TGϩ "rescued" pearl mice was significantly increased compared with TGϪ littermates and parental pearl mice, achieving levels comparable with WT mice (Fig. 3A) . Isolated TGϩ pearl AT2 cells also exhibited restoration of intraluminal PRDX6 in LAMP1-positive lamellar bodies when compared with TGϪ pearl AT2 cells (Fig. 3B) . Restoration of lamellar body PRDX6 was associated with increased PLA 2 activity (Fig. 3C ) and with reductions in the total phospholipid content (Fig. 3D ) in lamellar body fractions from TGϩ mice relative to TGϪ mice. The net effect of transgenic rescue of Ap3b1 gene expression was restoration of total lung phospholipid levels (Fig. 3E) . Although total phospholipid in bronchoalveolar lavage fluid of TGϩ mice was reduced only modestly, PC and DSPC levels in total lung and in lavage fluid were significantly reduced toward WT levels (Fig. 3F) . Thus, restoration of AP-3-mediated trafficking within AT2 cells of pearl mice resulted in correction of PRDX6 content and function within lamellar bodies, and this was reflected in improvement of phospholipid content in lamellar bodies, lung tissue, and BAL fluid.
AP-3 Trafficking of PRDX6 to Lamellar Bodies
LIMP-2/SCARB2 Is a Lamellar Body Transmembrane Protein Mistrafficked in AT2 from
Pearl Mice-AP-3 is a cytosolic/ membrane-associated protein, and typically facilitates the trafficking of transmembrane proteins via the recognition of cytoplasmically exposed sorting signals (38) . Thus, it cannot directly engage a soluble luminal protein such as PRDX6. However, AP-3 can potentially foster the targeting of luminal proteins via their association with transmembrane proteins that contain AP-3-binding sorting signals. One such transmembrane protein is LIMP-2/SCARB2, a ubiquitously expressed lysosomal protein with an acidic dileucine motif (ERAPLI) that has been previously shown to bind directly to a site composed of ␦ and 3A or 3B subunits of AP-3 (39, 40) . Moreover, LIMP-2/SCARB2 mediates the delivery of newly synthesized ␤-glucocerebrosidase, a luminal protein, to lysosomes in a pH-dependent manner (41) . Because LIMP-2/SCARB2 has previously been identified in the lamellar body proteome (2), we considered that LIMP-2/SCARB2 might be delivered to lamellar bodies in an AP-3-dependent manner in AT2 cells. We therefore examined the content of LIMP-2/SCARB2 in enriched lamellar body fractions from WT and pearl mice by immunoblotting (Fig. 4A) and densitometry (Fig. 4B) . As predicted, LIMP-2/ SCARB2 was enriched in lamellar body fractions of WT AT2 cells but, like Prdx6, was dramatically reduced in lamellar body fractions from pearl mice despite comparable levels of surfactant proteins A and B, representative of luminal and membrane-associated lamellar body proteins. These observations were confirmed by immunofluorescence microscopy of WT and pearl AT2, which demonstrated a marked reduction in colocalization of LIMP2/SCARB2 with LAMP1 at the limiting membrane of lamellar bodies (Fig. 4C) . This supports the prediction that AP-3 is required for the delivery of LIMP-2/ SCARB2 to lamellar bodies. pearl mice expressing the Ap3b1 transgene from an SP-C promoter (TGϩ) and transgene negative (TGϪ) littermates were compared with WT and genetically unmanipulated pearl mice (8 -10 weeks old). A, representative immunoblots for PRDX6, SP-B, and GAPDH using AT2 lysates (20 g each) and lamellar body fractions (25 g each) from WT, pearl, TGϩ, and TGϪ mice. B, immunolocalization of PRDX6 in TGϩ and TGϪ isolated alveolar type 2 cells after depletion of cytosolic constituents, using LAMP1 immunostaining to identify lamellar bodies (representative of two experiments; lamellar body noted by white arrow). C, phospholipase A 2 activity measured in lamellar bodies from TGϪ and TGϩ mice (n ϭ 3, mean Ϯ S.E.). D, total phospholipid measured in lamellar bodies from TGϪ and TGϩ mice (n ϭ 3; mean Ϯ S.E.). E and F, total phospholipid (PL), total PC, and total DSPC were measured in total lung tissue (E) and bronchoalveolar lavage fluid (F) from TGϪ and TGϩ mice (n ϭ 3 mice of each genotype, mean Ϯ S.E.).
To determine whether LIMP-2/SCARB2 might be responsible for ferrying PRDX6 to lamellar bodies, we next examined the lung phenotype of Limp-2 Ϫ/Ϫ mice. Consistent with our model, PRDX6 levels were reduced in lamellar body fractions of Limp-2 Ϫ/Ϫ compared with WT controls, despite similar levels of SP-B (Fig. 5A) . Moreover, as observed in both Prdx6 Ϫ/Ϫ and pearl mice, total phospholipid, PC, and DSPC were increased in total lung homogenates from Limp-2 Ϫ/Ϫ mice relative to WT (Fig. 5B) , and levels of phospholipid, PC, and DSPC were also increased in the bronchoalveolar lavage of Limp-2 Ϫ/Ϫ mice (Fig. 5C) . Finally, immunofluorescence microscopy of Limp2 Ϫ/Ϫ AT2 showed reduced intraluminal PRDX6 compared with WT littermate controls (Fig. 5D ). These data support the notion that LIMP-2/SCARB2 is required for the AP-3-dependent delivery of PRDX6 to lamellar bodies.
LIMP-2/SCARB2 and PRDX6 Proteins Directly Interact in Vitro and
in Vivo-Our data are consistent with a model in which PRDX6 is trafficked to lamellar bodies by associating with LIMP2/SCARB2, which is targeted by virtue of its known interaction with AP-3. Like prior studies of LIMP2/SCARB2 interactions with ␤-glucocerebrosidase (41), we were unable to detect association between endogenous PRDX6 and LIMP2/ SCARB2 in cell lysates, possibly due to either transient or pH-dependent interactions. To test for direct protein/protein interactions between PRDX6 and LIMP2/SCARB2, we performed in vitro co-immunoprecipitation of recombinant proteins (Fig.  6A) . Recombinant protein A-His 6 -LIMP2 was immobilized to IgG-Sepharose beads, and recombinant PRDX6-His 6 was added in buffers of pH 5 or pH 7. Bound material was analyzed by immunoblotting for the His 6 tags. Although protein A-His 6 -LIMP2 was efficiently recovered under all conditions, PRDX6-His 6 was detected only when incubations were performed at pH 5 but not at pH 7. This suggests that PRDX6 binds to LIMP2 only at low pH. To determine whether the in vitro interaction between LIMP2 and PRDX6 is relevant for LIMP2/SCARB2-and AP-3-dependent trafficking of PRDX6 to lamellar bodies in vivo, we performed a proximity ligation assay using antibodies to LIMP2/SCARB2 and PRDX6 in isolated AT2 from WT, pearl, and Limp-2 Ϫ/Ϫ mice (Fig. 6B) . By this method, proteins separated by Ͻ40 nm are detected through incorporation of fluorescent label into a growing PCR product that is dependent upon annealing of two oligonucleotides forming a continuous loop only upon the binding of antibody complexes to each target protein. Low numbers of PCR products were detected when LIMP2 antibody was omitted (Fig. 6B, upper panels) or in Limp-2 Ϫ/Ϫ AT2 cells (data not shown). By contrast, numerous PCR products were detected when both antibodies were used in either WT or pearl AT2 (Fig. 6B, lower panels) . Interestingly, although PCR products were detected in proximity to LB in both WT and pearl AT2, increased numbers of PCR products were detected in the cell periphery of pearl AT2, away from clusters of LB near the cell nuclei. Although this distribution is reminiscent of the endosomal network, we were unable to determine the precise subcellular localization of these complexes using immunofluorescence microscopy. Together, these data provide strong evidence for a specific protein/protein interaction between LIMP2/SCARB2 and PRDX6 in LBs and suggest that this interaction is prolonged in other subcellular structures in pearl AT2 cells.
Discussion
Three subtypes of HPS, HPS1, -2, and -4, are associated with lethal pulmonary fibrosis and hyperplasia of AT2 cells, with enlarged lamellar bodies containing increased surfactant phospholipid (6, 17, 18, 20) . Although it is generally thought that the changes in lamellar body size and phospholipid content ultimately lead to AT2 cell injury, downstream inflammation, and ultimately fibrosis, it has not been clear how specific protein trafficking defects, like those observed in HPS model melanocytes during melanosome biogenesis, might cause these morphological and content changes in lamellar bodies. Here, we show that HPS2 resulting from a defect in AP-3 is associated with increased lamellar body phospholipid due to impaired trafficking of the luminal enzyme PRDX6. This is the first demonstration linking trafficking of a lipid-modifying enzyme to a genetic disorder of lamellar body biogenesis and function. Moreover, our data make HPS one of a growing category of genetic disorders of lung function that reflects altered surfactant phospholipid metabolism.
Phospholipase A 2 activity is an important component of the remodeling pathway for phospholipid synthesis in AT2 cells, and it has long been considered a mechanism for enriching DSPC within lamellar body surfactant. PRDX6 is the primary PLA 2 in the lumen of lamellar bodies, placing this enzyme in the right place to modify phospholipid content (8) . It has been underappreciated that lamellar bodies regulate phospholipid content, not just composition, through PRDX6 enzymatic activity. The modification of surfactant homeostasis in lungs from AP-3-deficient pearl mice is nearly identical to that of WT mouse lungs treated with the PLA 2 inhibitor MJ33 and of lungs from Prdx6 Ϫ/Ϫ mice (11, 27) . Specifically, all three mouse models present with impaired degradation of endocytosed DPPC and impaired synthesis of DPPC via palmitate incorporation using the remodeling pathway. Although PRDX6-dependent lamellar body degradation may play a minor role in the daily management of phospholipid pools in the lung (42) , our data support earlier observations that disruption of this mechanism over time can have a measurable pathological effect on lamellar body phospholipid content. In both pearl and Prdx6 Ϫ/Ϫ mice, phospholipid accumulates in lung progressively as the animals age (11, 24) . In the pearl mouse, phospholipid accumulation is associated with enlargement of lamellar bodies (25) , and both The data were analyzed by unpaired t test, which showed p Ͻ 0.0001 WT versus pearl using both antisera in the proximity ligation assay.
are corrected when AP-3 function is restored only in AT2 cells (Fig. 3) . The lack of lamellar body enlargement in Prdx6 Ϫ/Ϫ mice is reflected by a more modest increase in phospholipid pools relative to WT mice (12) , and this suggests that depletion of additional cargoes besides PRDX6 likely contribute to increased phospholipid accumulation in pearl mice. Our prior studies (24, 33) showed that depletion of AP-3 does not appear to impact the lamellar body localization of ABCA3, an ATPbinding cassette protein that is required to enrich lamellar body phospholipid content (43) (44) (45) , but we predict that other transmembrane lipid transporters might require AP-3 for delivery to lamellar bodies. Delivery of PRDX6 and other phospholipidmetabolizing enzymes likely explain the more marked lamellar body defects in HPS type 2 patients and the pearl mouse model relative to Prdx6 Ϫ/Ϫ mice. Endocytosis is important for recycling of secreted surfactant phospholipids back to lamellar bodies via a clathrin-dependent pathway that relies on association with surfactant protein A and its receptor, CKAP4/p63 (46) . Therefore, changes in endocytosis could impact the phospholipid content of lamellar bodies. Although AP-3 deficiency increases the surface expression of presumed transmembrane cargo proteins of lysosomes (26, 47, 48) and melanosomes (49), it does not appear to directly impact the rate of cargo endocytosis (49 -51) . Therefore, it is not surprising that [ 3 H]DPPC uptake from the alveolar space was unaltered in pearl mice. Impaired secretion could similarly modify the phospholipid content of lamellar bodies. We previously reported a secretion defect in a mouse model of HPS that was developed from breeding the pearl and pale ear mouse models of HPS2 and HPS1, respectively, to homozygosity (22) . Offspring developed massive enlargement of lamellar bodies that were associated with a 50% reduction in surfactant secretion (33) . We now show that the secretion defect is not a primary manifestation of the pearl phenotype, and our prior results were likely either secondary to the massive enlargement of the lamellar body in this complex homozygous phenotype or a consequence of the pale ear phenotype.
Our data indicating that PRDX6 was targeted to lamellar bodies in an AP-3-dependent manner presented a conceptual challenge. Although AP-3 is well known to target specific cargo proteins such as LAMP1, TYR, OCA2, or PI4KIIa from early endosomes to lysosomes, LROs, or neurosecretory granules (50, (52) (53) (54) (55) (56) , it does so by directly recognizing sorting signals on the cytosolic face of transmembrane proteins and sorting them into transport vesicles or tubules. As a cytosolic adaptor protein complex, AP-3 would thus be unable to interact directly with luminal PRDX6. Thus, AP-3-dependent targeting of PRDX6 would require an intermediary transmembrane protein that could interact in the lumen with PRDX6 and in the cytosol with AP-3. LIMP-2/SCARB2 was a strong candidate because (a) it harbors a well described cytoplasmic di-leucine-based sorting motif that directly binds the AP-3 core (39, 40) , and (b) it is known to foster the movement of ␤-glucocerebrosidase to lysosomes via direct interactions with a luminal helical bundle of LIMP-2 (41, 57). Our data not only validate earlier reports suggesting that LIMP-2/SCARB2 is a lamellar body integral membrane protein (2) but also demonstrate that accumulation of LIMP2/SCARB2 at the limiting membrane of lamellar bodies is diminished in pearl mice, and efficient delivery to lamellar bodies requires AP-3. To our knowledge, this is the first demonstration that LIMP-2/SCARB2 trafficking to an LRO requires interaction with AP-3.
Importantly, our data demonstrate that LIMP2 is necessary for PRDX6 trafficking to lamellar bodies. PRDX6 content was reduced in lamellar body fractions from Limp-2 Ϫ/Ϫ mice, and total phospholipid, PC, and DSPC were reduced in whole lung and bronchoalveolar lavage fractions, similarly to the pearl mouse model. Immunolabeling demonstrated a depletion of LIMP2 and PRDX6 from lamellar bodies of pearl AT2, and similarly, PRDX6 was depleted from lamellar bodies in Limp-2 Ϫ/Ϫ AT2. Moreover, our data demonstrate direct interactions between LIMP2 and PRDX6 both in vitro and in vivo. Based on prior studies of ␤-glucocerebrosidase interactions, we expected that a LIMP2/PRDX6 interaction would be favored at neutral pH and not at an acidic pH (41) . To our surprise, the LIMP2/ PRDX6 interaction, although indeed pH-dependent, favored binding at low pH. The pH of early sorting endosomes is generally thought to be ϳ6.2 and that of late endosomes ϳ5.5, although in selected cells like melanocytes early endosomes are more acidic (58) . Based on compartment pH alone, it is possible that loading of PRDX6 onto LIMP2 might occur in the endosomal network, which is supported by the distribution of PRDX6 and LIMP2 by immunostaining and by proximity ligation assay in pearl AT2. Early studies indicated an internal pH of 5.6 in lamellar bodies (59) , which would predict that PRDX6 would remain bound to LIMP2 within the lamellar body unless displaced by some other mechanism. This might facilitate the interaction of PRDX6 with phospholipid, for which it has substantial affinity (60), perhaps via phospholipid transport through a hydrophobic tunnel in LIMP2/SCARB2 that is homologous to a cholesterol-binding domain in other CD36 family members (57) . Results from proximity ligation assays support a close proximity of PRDX6 with LIMP2/SCARB2 in AT2 cells, even in the absence of AP-3. The high frequency of proximity PCR products in AT2 regions lacking lamellar bodies supports impaired lamellar body targeting of the LIMP2/SCARB2-PRDX6 complex, and it suggests that the complex may form in endosomes. Together, our data clearly implicate LIMP-2/ SCARB2 and AP-3 in a pathway for targeting PRDX6 to lamellar bodies. A similar interaction with LIMP2/SCARB2 or another AP-3-dependent receptor might also explain the failure to deliver other luminal cargoes to LROs, such as elastase to the primary granules of neutrophils (61) .
Our data indicate that the AP-3-dependent pathway is necessary for efficient targeting of LIMP2/SCARB2 and thus PRDX6 to lamellar bodies. However, we demonstrate substantial reductions in these two proteins in lamellar bodies but not a complete absence, and immunolabeling of lamellar bodies also shows variability of PRDX6 content. This suggests that the AP-3-dependent pathway for lamellar body targeting might be partially redundant with other pathways. For example, in melanocytes two distinct pathways mediate cargo sorting to melanosomes, and for some cargoes (such as tyrosinase) loss of AP-3 in one pathway can be partially compensated by the second AP-1-and BLOC-1-dependent pathway (62, 63) . Mutations of Rab38 in chocolate mice, Long-Evans Cinnamon rats and Fawn-Hooded hypertension rats lead to enlarged LBs with increased phospholipid content (64 -66) like AP-3-deficient pearl mice, and RAB38 has been suggested to interact with AP-3 (67). However, defects in LB-associated PRDX6 in these models have not been tested. Thus, it is possible that other lysosome-related organelle or membrane trafficking pathways might work in coordination with AP-3 to promote trafficking of PRDX6 and possibly other lamellar body cargo to lamellar bodies.
In summary, this is the first description of a membrane transport mechanism by which surfactant-related cargo is targeted to the lamellar body. That this mechanism is AP-3-dependent adds to a growing body of evidence that AP-3 is a component of a common targeting mechanism for selected LRO cargoes. Our data also provide the first evidence that LIMP-2/SCARB2, which is known to harbor a cytoplasmic AP-3 binding signal (39) and was identified in the lamellar body proteome (2), requires AP-3 for targeting to lamellar bodies. Its novel role in ferrying PRDX6 to lamellar bodies expands the repertoire of LIMP2/SCARB2 as a mediator of trafficking luminal proteins through the secretory pathway. Importantly, AP-3-mediated targeting of a phospholipid-modifying enzyme to lamellar bodies is significant for lung disease. Loss of targeting of PRDX6 in pearl mice correlates with phospholipid accumulation and lamellar body enlargement that are common features of human HPS2, and it is reminiscent of the failure to deliver cargoes like TYR and OCA2 to melanosomes (resulting in reduced pigmentation) or CD63 to Weibel-Palade bodies (impairing the capacity of endothelial cells to recruit leukocytes in the absence of AP-3). The greater phospholipid accumulation and lamellar body enlargement in pearl mice relative to Prdx6 Ϫ/Ϫ mice further suggest that there are additional AP-3-dependent cargoes that have a role in surfactant phospholipid homeostasis and that use AP-3 for targeting to lamellar bodies. Moreover, the additive effects on phospholipid accumulation in the pale ear/ pearl mouse model (24, 33) suggest that other HPS-associated complexes are also involved in targeting lipid-modifying cargoes to lamellar bodies. Thus, altered lamellar body cargo delivery may be an important driver of the AT2 cell injury in HPS that in turn mediates long term lung damage.
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